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ABSTRACT 
The biodegradation of diesel fuel, crude oil and used motor oil was 
evaluated in the presence of 0, 10, 100, 500, and 1,000 mg L'^ of lecithin, 
Triton X-100 and Tween 80 at 25°C. COj evolution was measured from 
bubbler tubes containing 20 ml of 0.1 % yeast-extract (YE) medium, surfactant, 
and 2 ml of petrochemical as the principal carbon source. Sixty one microbial 
isolates from various sources were evaluated. From this screen, four were 
chosen for further studies. Diesel fuel degradation by Yarrowia lipolytica 
CP.D-N exhibited optimum activity with Tween 80 and low levels of Triton X-
100. Low levels of lecithin were inhibitive. Degradation of crude oil by 
Bacillus sp. SH.7.C-P was enhanced by lecithin. Crude oil degradation by 
Y. lipolytica CP.D-N was higher than that of Bacillus SH.7.C-P and inhibited by 
Tween 80. Used motor oil degradation by Rhodococcus egrt//MO.M-N was 
enhanced by lecithin, whereas used motor oil degradation by R. equi CP.M-P 
was inhibited by Triton X-100. 
Diesel fuel biodegradation by Yarrowia lipolytica CP.D-N was further 
evaluated in the presence of soybean, rice and oat hulls (1 g per 20 ml media) 
pre-coated with 1,000 mg surfactant kg'^ hull. Two procedures were used: (a) 
hulls were added to the YE medium, then diesel fuel was added; and (b) the 
hulls were soaked in 2 ml of diesel fuel and then YE medium was added. COj 
evolution increased in bubbler tubes with both Yarrowia lipolytica CP.D-N and 
diesel for both procedures, however, GC analysis revealed no enhancement in 
xii 
diesel fuel degradation. Pre-exposure of the hulls to diesel fuel using the 
second procedure reduced the extent of diesel fuel removal for most 
treatments. 
Soybean hulls were pre-coated with a 5-ml suspension containing 100 
mg surfactant kg'^ hull and V. lipolytica CP.D-N (2.4 X 10® g'^ hull). The 
presence of surfactants and Y. lipolytica CP.D-N did not enhance diesel fuel 
degradation based on COj evolution. 
This research gives evidence that lecithin may promote the 
bioremediation of used motor oil and crude oil. Triton X-100 exhibited greater 
emulsification, however, this often corresponded to greater inhibition. 
1 
GENERAL INTRODUCTION 
Introduction 
The heavy usage of petroleum hydrocarbons as fuels and lubrication oils 
has resulted in the concomitant release of crude, refined and used by-products 
of petroleum in terrestrial and aquatic environments. Diesel fuel, due to spills, 
leaks, and leaking underground storage tanks, has become a frequent 
contaminant of surface and groundwater. Crude oil spills have contaminated 
many shorelines and oil fields, and are a constant threat to the marine 
environment. Of the 2 billion metric tons of petroleum annually produced 
worldwide, 0.08 to 0.4% will eventually pollute the oceans [11]. Due to 
improper disposal, automotive and industrial activities, used motor oils have 
also become a major environmental contaminant [86]. Used motor oils are 
particularly dangerous because of their high concentrations of heavy metals 
[85]. Because of the sorptive characteristics of petroleum hydrocarbons in soil 
and their immiscibility in water, these compounds tend to be unavailable to 
microorganisms for biological degradation. However, under suitable 
conditions, biological remediation has been demonstrated to be a potential 
technique for the removal of degradable hydrocarbons from contaminated 
soils. 
A prerequisite for microbial degradation of liquid hydrocarbons is the 
formation of bioemulsifiers by the microorganisms responsible for the initial 
uptake and metabolism of the hydrocarbon. Supplementing contaminated soils 
with surfactants and emulsifiers has been demonstrated to enhance both the 
rate and extent of biodegradation [4,58]. Surfactants are also used for soil 
washing, whereby a surfactant solution is pumped into an injection well and a 
recovery well renrK)ves the contaminated water for subsequent pump and treat 
strategy [1,36]. Because of their effectiveness at solubilizing hydrocarbons, a 
concern associated with surfactant use in situ is the possibility that enhanced 
hydrocarbon mobility may result in a greater volume of contaminated aquifer in 
the absence of a recovery well. A potential amelioration for this may be the 
use of sorbants such as agricultural by-products. Recent research has 
examined the use of agricultural by-products to remove organic compounds 
from wastewater. Dyes have been successfully removed from wastewaters by 
using coirpith from coconuts [59], and rice hulls and peat [60]. Preliminary 
studies using pea gravel contaminated with diesel fuel and crude oil 
demonstrate enhanced degradation when soybean hulls are added to the 
mixture [64]. If hulls are incorporated into surfactant-treated contaminated 
soils, then hydrocarbons may be solubilized with less promotion of transport 
into uncontamlnated soils. Before performing in situ studies, it is important to 
study the dynamics of hydrocarbon degradation in the presence of these 
factors alone. This dissertation examines the effects of soybean, rice, and oat 
hulls treated with Tween 80, lecithin, and Triton X-100 on the biological 
degradation of diesel fuel, crude oil and used motor oil in water. 
3 
Dissertation organization 
This dissertation is composed of a literature review and two papers 
which will be submitted to scholarly journals. The first manuscript describes 
the isolation of various crude oil, diesel fuel and used motor oil degrading 
microorganisms, and the evaluation of surfactants as a potential supplement 
for the enhancement of petrochemical biodegradation. The second manuscript 
further evaluates the effects of surfactants and grain hulls on the 
biodegradation of diesel fuel with and without a diesel fuel-degrading yeast 
supplement. Following the second manuscript is a general summary and 
conclusion. References cited in the general introduction, literature review, 
general summary, and conclusions are listed after the general summary and 
conclusion section. The format of the Society of Industrial Microbiology was 
followed throughout this dissertation. 
LITERATURE REVIEW 
Petroleum Sources and Fate in the Environment 
General 
Petroleum hydrocarbons represent a diverse group of compounds 
including paraffins, olefins, naphthenes, and aromatics. This diversity presents 
a variety of challenges to environmental scientists and engineers when dealing 
with environmental restoration. Crude oils and their refined distillates make 
their way into the terrestrial, aqueous and marine environments through 
massive spills, prolonged leaking pipes or tanks, nonpoint source run-off, and 
intentional discharges. Petroleum hydrocarbons are hydrophobic in nature and 
adsorb to soil. Also, their immiscibility in water renders them mostly 
unavailable to microorganisms for biological degradation and their chemical 
structures render them relatively recalcitrant. Differences in the components 
of the refined distillates present their own distinct environmental hazards and 
difficulties in cleanup. 
Diesel fuel contamination and sites 
Petroleum hydrocarbons are some of the most common groundwater 
contaminants [79]. There are an estimated 1.4 million underground storage 
tanks (UST) located at 500,000 facilities. It is estimated that 95 percent of 
these are used for petroleum product storage. 
A major source for diesel contamination is from leaking underground 
storage tanks (LUST) [25]. These offer a multitude of difficulties since these 
often leak for extended periods unnoticed, if the diesel fuel encounters the 
aquifer, it will spread out on top of the water and may contaminate a 
significant volume of soil [67]. Since it is estimated that 75 m^ of Oj-saturated 
water is necessary to ensure complete mineralization of just 1 kg of fuel 
hydrocarbons [37], subsurface contamination presents a quandary. 
Tank and pipe ruptures also contribute to soil contamination [25]. At 
the Ashland oil terminal on the Monongahela River in Pennsylvania, 3.8 x 10^ 
US gallons of diesel fuel were released from a ruptured tank [66]. An 
accidentally pierced pipe in California resulted in the release 60,000 gallons of 
diesel fuel which eventually contaminated the soil to a depth of 34 m [62]. 
Crude oil spills and environmental sinics 
Of the 2-billion metric tons of petroleum annually produced worldwide, 
0.08 to 0.4% will eventually pollute the oceans [11]. Massive releases, such 
as those following tanker accidents, represent a small proportion of the total 
release into the environment [66]. In 1985, it was estimated that a total 8.9 x 
10® US gallons of crude oil (0.09% of consumption) were released into the 
sea. Of this, 1 x 10° US gallons were attributable to tanker accidents [66]. 
Natural seeps release 0.7 x 10® US gallons, with transportation and runoff 
releasing 4x10® and 3 x 10® US gallons, respectively. 
6 
Used motor oil in the environment 
Due to improper disposal, automotive and industrial activities, used 
motor oils have also become a major environmental contaminant [86]. Used 
motor oils are particularly hazardous because of their high concentrations of 
heavy metals [21]. The production of waste crankcase oil in the US was 
estimated at 9 million tons in 1980 and world production at 25 to 28 million 
tons [86]. Landfill disposal accounts for 30% of the total used oils in the US. 
Chemistry of Petroleum Hydrocarbon Biodegradation 
Petroleum hydrocarbons represent a wide array of chemical classes. 
Some are more easily degraded, some are very toxic. In the environment, the 
proper conditions for pH, O2 availability, temperature, and nutrients must be 
present for successful biodegradative activity. A number of comprehensive 
reviews have been published on this topic [7,8,11,47,80,83]. 
Over 22 genera of bacteria and 14 genera of fungi are demonstrated to 
degrade petroleum hydrocarbons [8]. The most frequently isolated include 
Pseudomonas, Achromobacter, Arthrobacter, Micrococcus, Nocardia, Vibrio, 
Acinetobacter, Brevibacterium, Corynebacterium, Fiavobacterium, Candida, 
Rhodotoruia, and Sporoboiomyces. 
Diesel fuel components and biodegradation 
7 
Diesel fuel is a mixture composed mostly of linear alkanes ranging from 
9 to 22 carbons in length. Additives are also included such as detergents, 
biocides, antifoaming agents, antioxidants, and lubricants. Branched 
isoprenoids such as pristane are also represented. Alkane biodegradation 
begins with the oxidation of the terminal methyl group forming an alcohol, 
which Is then dehydrogenated via its aldehyde to the corresponding carboxylic 
acid [57]. This fatty acid can be metabolized in the ^-oxidation pathway. 
Branched alkanes such as pristanes are more recalcitrant and are often 
degraded through omega-oxidation forming dicarboxylic acids (Figure 1) [44]. 
R-CH3 -• R-CHjOH -» R-CHO R-COOH -• fatty acid metabolism 
Christensen and Larsen [17] describe a method for estimating the age of 
a diesel fuel spill. They determined the ratios of the recalcitrant components, 
such as the isoprenoids, to the n-alkanes in both new and aged spills. They 
then correlated the change in these ratios to age of the spill. It was 
determined that the ratio of heptadecane to pristane can give an accurate 
estimation to the age of the spill. 
Whereas, the addition of fertilizers to spills can enhance diesel fuel 
biodegradation, the addition of inorganic phosphorous (P) can result in the 
precipitation of calcium and iron phosphates rendering the P unavailable to 
8 
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Figure 1. Biodegradative pathway for pristane metabolism [63]. 
microorganisms [51]. Organic P fertilizers are more mobile, but they must be 
mineralized to be available as a P source. Mills and Frankenberger [51] 
evaluated the effectiveness of using diethylphosphate, methylphosphonic acid 
and potassium phosphate (KjHPOJ as P fertilizers. The optimum level of 
K2HPO4 was 500 mg kg'\ with 1000 mg kg'^ being inhibitory. Also, at a 
concentration of 500 mg kg'\ diethylphosphate enhanced diesel fuel 
degradation 2.92-fold compared to 1.48-fold for K2HPO4. These ratios are 
equivalent to a C:P ratio of 20:1 which is much lower than the required 100:1 
ratio usually reported as suitable for microbial growth. It is speculated that the 
precipitation of P with Ca, Mg, Al, and Fe in soil requires the addition of 3 to 5 
times more P fertilizers to polluted sites. Methylphosphonic acid was inhibitive 
at all levels tested. 
Wilson and Bradley [92] investigated the rates of diesel fuel degradation 
in aqueous systems by free and immobilized Pseudomonas f/uorescens. The 
cells were immobilized onto Biofix, a kaolinite biosupport, and Drizit, a 
polypropylene biosorbant. Free cells degraded 52% of the fraction and 
11.6% of the C13 fraction. No degradation of the C14-C18 /?-alkane 
fraction, the pristane fraction nor the phytane fraction occurred. Cells 
immobilized onto Biofix demonstrated removals of 14.8 to 64.5% for the C12-
C18 fractions, and cells immobilized onto Drizit demonstrated 24.5 to 100% 
removals. Pristane and phytane were not metabolized by either of the 
immobilized systems. 
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Diesel fuel degradation in both batch culture and in a continuously 
stirred-tank-reactor <CSTR) was examined by Geerdink et al. [31]. The CSTR 
dilution rate was 0.25 h'\ All treatments were in 2-L glass reactors, sparged 
with air. In the batch experiment, 90% of the linear alkanes and 2% of the 
branched alkanes were consumed within 22 hours. After 120 hours, the diesel 
fuel was below the detection limit, using GC-FID. In the CSTR, the linear 
alkanes were metabolized, however, the branched alkanes were not. 
Takazawa et al. [77] describe a species of Corynebacterium equi 
(Rhodococcus equi) which degrades /7-tetradecane. Although n-tetradecane 
was readily degraded, an antagonistic effect was observed, in that, 
degradation was completely inhibited in the presence of isooctane. In 
contrast, degradation of 1-tetradecanol was not inhibited by isooctane. 
Crude oil composition, variety, and selective degradation 
Crude oil is a complex mixture from which most petroleum fuels and 
lubricating oils are derived. Alkanes, alkenes, naphthenes, aromatics, 
poly nuclear aromatics (PAH), and sulfur-containing moieties of these are 
represented. The specific ingredients and the ratios thereof in crude oil differ 
depending on the source. For example, the percent of sulfur, or the percent of 
PAHs vary between oil wells. 
Aromatic compounds such as benzene and toluene can be degraded 
through diol pathways (Figures 2 and 3). Benzene is oxidized forming a cis-
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Figure 2. The bacterial degradation of benzene [57]. 
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Figure 3. The bacterial degradation of toluene [57]. 
13 
dihydrol which is then dehydrogenated to form catechol. This is then further 
oxidized either through o/t/}o-cleavage to form a dicarboxylic alkene or meta-
cleavage forming a 2-hydroxymuconic semialdehyde. Methylated forms of 
benzene such as toluene, and polyaromatic hydrocarbons such as naphthalene 
(Figure 4) also degrade through diol pathways. 
No one species of microorganism has the ability to degrade all the 
components found in crude oil. The isolation of microorganisms which 
degrade differing components can be enriched for through a process called 
sequential enrichment [7]. Here, microorganisms are isolated from a primary 
enrichment containing crude oil as the substrate. The residual hydrocarbons 
left are recovered and used for a second enrichment. This process is then 
repeated. The n-parafflns are usually degraded in the first enrichment. 
According to Song et al. [74] biodegradation of complex mixtures in soil 
is intermediate between zero-order and first-order kinetics. They explain this 
phenomenon by assuming that oil undergoes a shift in composition during 
degradation leaving the more recalcitrant components, resulting in decreased 
rates. 
Several Bacilli species have been described which degrade oil. Antai [3] 
evaluated the nutritional requirements and pH optimum of a crude-oil degrading 
Bacillus sp. isolated from oil-spilled soil, ijah and Ukpe [38] examined two 
Bacilli spp. isolated from oil-spilled soil and characterized their nitrogen 
requirement. 
14 
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Figure 3. The bacterial degradation of naphthalene [57]. 
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Strains of Bacillus stearothermophUus from oil-polluted Kuwaiti desert 
material were isolated by Sorkhoh et al. [76]. These strains showed an 
optimum temperature of 60'*C and grew best on pentadecane, hexadecane, 
and heptadecane. Shorter and longer chain alkanes, and alkenes were used to 
a lesser extent. Aromatics were not utilized. 
Crude oil-degrading strains of Bacillus, Pseudomonas, Rhodococcus, 
and Enterobacteriaceae were isolated from marine samples in Kuwait by 
Sorkhoh et al. [75]. Of these, Rhodococcus species were the most efficient oil 
degraders and the most abundant. 
Used motor oil and heavy metal concerns 
Alkanes and cycloalkanes represent 73 to 80% of the total weight of 
used motor oil depending on the extent of refinement [86]. The PAH content 
of new motor oils is relatively low but increases with engine operating time. 
Gasoline engines can produce a six-fold increase in PAH and diesel engines can 
produce up to a thirty-fold increase [86]. Vazquez and Greppin [85] also 
demonstrate that microbial degradation of used motor oils results in a 
concomitant solubilization or release of heavy metals. Little research has 
examined the environmental biological degradation of used motor oil. 
Raymond et al. [69] performed land farming of used motor oil. They report 
mixed success at demonstrating a used-motor-oil degrading population in the 
soil, and 9 months after treatment, plant growth was poor. 
16 
Hydrocarbon-Degrading Yeast 
A wide variety of yeast have been identified which metabolize n-alkanes 
[71]. Fukumaki et al. [30] isolated 43 yeast strains from deep-sea sediments 
and tested these along with 58 strains from the ATCC for their tolerance to 
organic solvents. Candida strains were isolated which could degrade alkanes, 
and one deep-sea isolate which could only grow on n-alkanes with 8 or more 
carbons. 
The degradation of C20-C25 alkanes by Candida maltosa was 
demonstrated by Blasig et al. [12]. This was the first report of a yeast 
growing on a solid n-alkane. Analysis of the cellular fatty acids indicated an 
assimilation of solid n-alkanes via monoterminal oxidation. 
Lipid compositional changes of Candida lipolytica when grown on 
hexadecane versus glucose were examined by Chenouda and Jwanny [15]. 
The phospholipid pattern did not differ, however, in n-hexadecane-grown cells, 
sphingomyelin levels were higher, and phosphatidic acid, phosphatidylglycerol, 
and cephalin levels were lower. 
The ultrastructural changes in the yeast Candida lipolytica when grown 
on gas oil or hexadecane were studied by Ludvik et al. [50]. The 
hydrocarbons pass through the cell wall and concentrate on the cytoplasmic 
membrane. Spheroplasts lose their ability to oxidize hydrocarbons, however, 
they are able to oxidize glucose with the same activity as intact cells. Electron 
microscopy of yeast grown on hydrocarbons showed a thin film of 
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hydrocarbon on the surface of their cell wall. The cytoplasmic membrane is 
thicker than that of yeast grown on glucose, and deep invaginations are visible 
representing an increase in surface area. Pinocytotic vesicles, mitochondria 
and fat vacuoles were greater in number. Also, hydrocarbon-grown cells 
showed a thinner cell wall and fewer glycogen granules. 
Application of Microorganisms for Bioremediation 
It is considered preferable to remediate contaminated sites as efficiently 
as possible (i.e. avoiding costly excavation or pump and treat methods [36]). 
Several techniques have been explored which promote the biological 
degradation of the contaminants in situ, two of which are bioaugmentation and 
biostimulation. 
Bioaugmentation 
Bioaugmentation is the application of degradative microorganisms to the 
contaminated site. IHere, degradative isolates or consortia are either attached 
to carriers or applied directly to the soil. The success rate for this method is 
not high [47] . There are various hypotheses and each is applicable to the 
specific circumstances of the study. Failure could be dependent on the 
concentration of introduced microorganisms [45], the concentration of organic 
compound [33], the degree of mixing of the soil and the microorganism [33], 
or the retention of degradative activity in situ [48]. Mueller et al. [56] 
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demonstrated degradation of both crude oil and phenanthrene in shake flasks 
by pure- and mixed-culture derived from contaminated beach material. 
However, application of these microorganisms to contaminated beach material 
did not enhance degradation at concentrations of 1 x 10^ and 1x10^ g'^ sand 
of the pure- and mixed-culture, respectively. 
Biostimulation 
Biostimulation is the enhancement of degradative activity of the 
indigenous microbial population within the contaminated site. This is usually 
achieved through fertilization and/or increased aeration of the site. This 
method has shown promising results. Fertilization was the major process 
utilized for the Exxon Valdez spill after the bulk oil was removed [66]. Song et 
al. [74] demonstrate the enhancement of diesel fuel, heating oil, and jet fuel 
biodegradation in soil by using tillage, fertilization and liming. Also, Troy et al. 
[82] performed biological land farming of diesel fuel contaminated soils. 
One major problem of subsurface in situ biodegradation is the provision 
that 75 m^ of oxygen saturated water is required for the complete 
mineralization of 1 kg of fuel hydrocarbons [37]. Flathman et al. [27] describe 
an injection system used to treat ethylene glycol-contaminated groundwater 
which was used to adjust pH as well as for introducing N, P and Oj. Another 
approach for introducing oxygen to the contaminated zone is through vertical 
water table movement. Rainwater et al. [67] demonstrated enhanced diesel 
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fuel biodegradation by using vertical water table movement in soil columns. 
The water level was raised and lowered for 9 weeks at a 48-hour cycle. The 
downward movement drew air into the soil. The columns subjected to water 
table movement had 15% less diesel than static controls. 
In cases where nutrients are not limiting, the addition of water alone can 
result in substantial degradation [22]. At Snug Harbor, Alaska, nutrient inputs 
from runoff are adequate to sustain impressive rates of degradation of crude oil 
[56]. Often bioaugmentation and biostimulation are attempted both 
independently and combined in comparison studies, the results of which are 
described in ensuing sections. 
Successes and Failures in In Situ Bioremediation 
The ability of microorganisms to biodegrade xenobiotic compounds is 
determined by physicochemical growth factors, the type of organisms present 
or applied, and the nature of the chemical itself. Past research on 
bioaugmentation with xenobiotic species selected for their degradative abilities 
has demonstrated mixed results. Meller et al. [53] report poor removal of 
diesel fuel exhibited by a commercial bioaugmentation product. Although they 
were able to demonstrate a population of 6.8 x 10^ CPU diesel degraders g'^ in 
the bioaugmentation product, the application of nutrients alone to 
contaminated soil exhibited greater diesel-fuel removal than the 
bioaugmentation product. 
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The degradation of waste oil emulsion from an aluminum-rolling industry 
applied to soil was examined by Calabrese et al. [13]. Oleic acid was the 
emulsifying agent. The emulsion was being treated through land farming in a 
loam soil with an underlying clay barrier. Although, substantial degradation 
was occurring in situ, some leaching of the oil was confirmed. They sought to 
enhance biodegradation through fertilization and bioaugmentation. They 
isolated a Corynebacten'um sp. from this soil through serial enrichment and 
applied it to contaminated soil columns at a concentration of 10^ g'\ No 
enhancement in degradation was observed. However, the addition of N and P 
fertilizers in the form NH4NO3 and KH2PO4 exhibited a significant increase in 
degradation. 
Mesocosms (5 m x 2.15 m x 2.3 m) were used by Meller et al. [54] to 
evaluate diesel oil degradation by venting, bioaugmentation and fertilization. 
Diesel oil-degrading bacteria were isolated from diesel contaminated soil by 
using enrichment culture. They were seeded onto the mesocosm as a 700 L 
suspension containing 1.4 x 10® CFU ml '. The fertilizer mixture contained 
NaNOg, KNO3 and Na2HP04 to give a final C:N:P ratio of 120:10:1 based on 
the C content of the oil. Venting and bioaugmentation displayed little effect 
compared to controls, whereas nutrient addition resulted in approximately 75% 
removal. 
Using chemostats, Kennedy et al. [45] showed that, whereas 
bioaugmentation did enhance degradation of parachlorophenol, substantial 
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levels of inoculum were required. When their chennostat results are 
extrapolated to a lagoon (1-nfiillion gallon capacity), they predict that the 
addition of 475 lb of acclimated biomass would be required for treatment. 
The biodegradation of PCBs by implanted Pseudomonas testosteroni 
B-356 in soil microcosms was examined [10]. Although this PCB degrader was 
able to degrade 50% of the Arochlor 1242 (a tetrachlorobiphenyJ) in shake 
flask culture, the addition of this strain to soil microcosms containing Arochlor 
1242 was not effective. The addition of biphenyl as a cosubstrate, however, 
did result in enhanced Arochlor 1242 degradation. 
Enhanced biodegradation in oil-contaminated soil at a refinery site was 
demonstrated by Ellis et al. [23]. They isolated several species and 
characterized their specificity for oil component degradation. Pseudomonas, 
Rhodococcus, Acinetobacter, Pseudomonas, li^ ycobacterium, and Arthrobacter 
species were screened for degradative activity for gas oil, hexadecane and 
asphaltene. They were then cultured in a 150 L fermentor produce a large 
amount of biomass. Also, 50 surfactants were screened for ability to mobilize 
oil contaminants, from which, Cyanamer P70 (American Cyanamid) was 
chosen. Injection wells were used to pump O2, nutrients, microorganisms, and 
Cyanamer P70 into the ground. Oil concentrations were reduced significantly 
with little leaching. 
Tetradecane and pristane biodegradation in sterile and non-sterile soil 
was examined by Jain et al. [41]. The addition of the hydrocarbon degrader 
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Pseudomonas aeruginosa UG2 at levels of 10^, 10' and 10° g'^ dry soil had 
little effect on degradation. However, the addition of biosurfactant derived 
from this strain at 100 //g g'^ dry soil enhanced both tetradecane and pristane 
biodet^i'adation. 
Recalcitrant, toxic, and strongly sorbed compounds resisting attempts at 
biodegradation must be dealt with physically. For example, a surfactant 
solution can be pumped into an injection well and the solubilized organic 
fraction can be removed from a recovery well [1,89]. Peters et al. [62] 
describe the use of anionic surfactants for the removal of diesel fuel from soil. 
Jackson et al. [17] demonstrate that the surfactant sodium dodecyl-benzene 
sulfonate reduces pore blockage in soils. Two major concerns, however, of 
using surfactants are: (a) the leaching of the solubilized organic fraction deeper 
into the aquifer, and (b) contamination of the soil with the surfactant [62]. 
One technique used to address (a) is the use of cationic surfactants, which 
bind to negatively charged soil particles. They solubilize hydrocarbons, while 
remaining stationary in the soil matrix [88,90]. Unfortunately, cationic 
surfactants have been demonstrated to be potent germicides [89]. 
Characteristics of Surfactants 
Surfactants are amphiphatic molecules consisting of a hydrophilic polar 
head and a hydrophobic nonpolar tail group [72]. The word surfactant is a 
contraction of "SURFace ACTive AgeNT", named so because these molecules 
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tend to migrate to surfaces and interfaces or create new molecular surfaces by 
forming aggregates. Accumulation of surfactants at water surfaces results in a 
reduction of the surface and interfacial tension. 
Surfactants are categorized by the ionic charge associated with their 
polar moiety. These categories include anionic, cationic, nonionic, and 
zwitterionic. As the concentration of surfactant is increased, a level is reached 
at which micelles form, referred to as the critical micelle concentration (CMC). 
At concentrations below this level, the surfactants exist as individual 
molecules. Above the CMC, a constant monomer concentration is maintained 
in equilibrium with the micelles. The formation of micelles allows for 
partitioning of hydrocarbons into the hydrophobic micelle interior, thus greatly 
enhancing the total concentration of a compound in solution [72]. 
The CMC is determined by interpreting a plot of surface tension vs. log 
surfactant concentration. As the concentration is increased, the surface 
tension decreases until the CMC is surpassed. Above this concentration, only 
small changes in surface tension are observed [721. The more hydrophobic a 
surfactant is, the lower its CMC will be. An important point to note is that 
temperature has a great influence on CMC and one should be conscientious 
when using surfactants in cold environments, such as the subsurface [89]. 
Surfactants also, under certain circumstances, enhance the formation of 
emulsions between two immiscible liquids. Emulsions are suspensions of fine 
droplets of one liquid in another. Although surfactants often act as 
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emuisifiers, not all emulslflers are surfactants. 
The hydrophile-lipophlle balance (HLB) number is a term that describes 
the balance between the hydrophilic and hydrophobic moieties of the 
surfactant. It is an experimentally derived ratio of the formula weights of the 
hydrophilic moiety to the entire molecule. The higher the HLB number ,the 
more hydrophilic the molecule [72]. For applications, an HLB number ranging 
from 2-7 is preferable for water in oil systems, whereas, HLB number ranging 
from 7-18 is better for oil in water systems [651. 
Two major classes of surfactants are recognized in this paper, (a) 
artificial surfactants, which are referred to as, simply, surfactants, and (b) 
biosurfactants, which are surfactants produced by and derived from 
microorganisms. Surfactants have been utilized for decades taking advantage 
of their wide range of uses. They function as detergents, solubilizers, 
emulsifiers, wetting agents, and spreading agents [321. 
Anionic surfactants 
Anionic surfactants are manufactured and used in greater amounts than 
all other types of surfactants [651. This is chiefly attributable to their ease and 
low cost of manufacture, and that they are used in practically every type of 
detergent. Most are characterized by a linear paraffin chain and a polar group 
(usually at the end). Figure 5 illustrates some basic structures of anionic 
surfactants. Generally, anionic-surfactants biodegrade readily, however, they 
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o 0 
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o 
DialkyI sulfo-succlnate 
Figure 5. Anionic surfactants. R = paraffin chain. 
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are more prone to adsorption to surfaces than are nonionic surfactants. The 
hydrophilic moiety is the basis by which they are classed. The main types of 
anionic surfactants commercially available are: 
1. Carboxylates: ethoxy carboxylates and ester carboxylates 
2. Isethionates and taurates 
3. Phosphates: ethoxylates, alcohols and amides 
4. Sarcosinates: amide sarcosinates 
5. Sulphates: alcohol, alcohol ether, alkanolamides, ethoxylates 
6. Sulphonates: alcohol ether, alkyi phenyl ether, paraffin, alkyi benzene, 
naphthalene derivatives, fatty acids and esters, olefin sulphonates 
7. Sulphosuccinates and sulphosuccinamates 
Cationic surfactants 
Most cationic surfactants are characterized by a quaternary nitrogen 
atom (carries the positive charge). Phosphorus or sulphur is used as the 
charged atom to a lesser extent. They are generally more expensive than 
anionic surfactants and exhibit poor detergency. They are often toxic to 
microorganisms and find application as bactericides. They also readily adsorb 
to negative surfaces, such as soil particles, and find use as bitumen 
emulsifiers, corrosion inhibitors, flotation and dispersing agents. Examples of 
cationic surfactants include quaternary ammonium compounds, such as 
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benzaikonium chloride, amines and imidazolines. Some of the more common 
cationic surfactants are illustrated in Figure 6. 
Nonionic surfactants 
The hydrophilic group of nonionic surfactants is a water soluble group 
that does not ionize. The two most common groups are the hydroxyl group 
(R-OH) and the ether group (R-O-R*). To a lesser extent oxides and acetylenic 
alcohol groups are used. The water solubilizing properties are less than the 
anionic surfactants. With only one hydroxyl or ether group, the compound will 
be insoluble with a paraffin group of more than 8 carbons. Solubility may be 
increased by adding multiple hydroxy groups, indeed, this is what gives many 
natural products surfactant properties, such as carbohydrates. Ether groups 
are used more frequently due to the variety of properties and versatile method 
of production. Ethylene oxide is allowed to react with terminal hydroxyl 
groups (ethoxylation) forming an ethoxylate [65]. 
R-H + /7CH2-CH2 - R-CCHj-CHaO/iH 
N?ci 
Multihydroxyl products include: 
1. Sorbitan esters, sorbitan ester ethoxylates 
2. Glucosides 
3. Polyglycerol esters and polyglycerides 
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^-CH2 I 
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'N-CHj I 
CH3 
imidazoline w/ hydrolysis Alky derivative of 
aliphatic amine 
^ CH3 
R-N*-CH2-<^ 
CH 
'3 
Alkyi derivative Alkyl-aryl derivative 
of aromatic amine of aliphatic amine 
Figure 6. Cationic surfactants. R = paraffin chain. 
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4. Polyglycosides 
5. Glycerides 
6. Glycol esters 
7. Glycerol esters 
8. Sucrose esters 
Common ethoxylates Include: 
1. Alcohol ethoxylates 
2. Mono alkanolamide ethoxylates 
3. Fatty amine ethoxylates and fatty acid ethoxylates 
4. Ethylene oxide and propylene oxide copolymers 
5. Alky I phenol ethoxylates 
In general, the micelles for ethoxylated products are much larger than 
those of ionic materials and CMCs are much lower, being in the order of 
10"* mol L"\ The HLB for Tween is 4.3 and the CMC is 14 mg L"\ whereas, 
the HLB for Triton X-100 is 13.5 and the CMC is 0.106 mg L"^ (1.7 x 10"* mol 
L'^). Nonionic surfactants also are less influenced by pH and ionic strength. 
The structures of Tween 80 and Triton X-100 are illustrated in Figure 7. 
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Lecithin 
Lecithin is a phosphatide found in all living organisms, with the 
exception of 10 different Nocardia species [15]. It is a mixture of the 
diglycerides of stearic, palmitic, and oleic acids, linked to a choline ester of 
phosphoric acid. The approximate constituents composing commercial lecithin 
are phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidyiinos-
itol (PI), phosphatidic acid (PA), and other lipids at 23, 20, 14, and 8% 
respectively. The percentages of these components vary depending on the 
grade as does the HLB number. Lecithin that is over 98% pure PC has an HLB 
of 8, whereas the HLB of a commercial grade will range from 2 to 7 [43]. 
CII,0C0R 
I 
CHOCOR o~ Lecithin 
I / + 
CHgO — P — OCHjCHjN (CH3 > 3 
O 
In the environment, lecithin is released from decaying roots, and appre­
ciable amounts are detected in the rhizosphere [73]. It is believed that this is 
one influence in the process of phytoremediation. 
Biosurfactants 
A related class of surfactants are the biosurfactants. Biosurfactants are 
a heterogenous group of surfactants spontaneously released from 
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H2C(0C2H^)^R 
CH(OC,H,)„OH I ^ 1 y 
Tween (polysorbate). w+x+y+z = n = 20 
n = the number of polyoxyethyiene residues/nfK)le ester 
For Tween 80, R = oleate = (C,7H33)COO 
ALKYLPHENOL FTHOXYLATE 
CH3C(CH3)2CH2C ^ J 0(012^20) 
Octoxynol. n ranges from 5 to 15 
For Triton X-100, n = 9 to 10 
Figure 7. Nonlonlc surfactants. R = paraffin chain. 
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microorganisms. The hydrophllic moiety is usually composed of amino acids or 
peptides, anions or cations, or saccharides or polysaccharides. The 
hydrophobic portion is either a fatty acid or hydrophobic peptide. 
Biosurfactants are usually associated with hydrocarbon-degrading 
microorganisms, although some have also been demonstrated as having 
antibiotic properties as well. They have also found increasing application in 
crude oil recovery and show potential for bioremediation enhancement. Their 
advantages include biodegradability, compatibility with microorganisms, and 
functionality under extreme conditions. However, they are less available and 
more costly than synthesized surfactants. Figure 8 illustrates some common 
biosurfactants and their source. A comprehensive reviews of biosurfactants 
have been compiled by Banat [9], Cooper [20], Gutnick and Minas [34], 
Rosenberg [71], and Van Dyke et al. [84]. 
Role of Surfactants in Stimulating Biodegradative Activity 
Bioavailability of hydrophobic organic compounds is a function of phase 
solubility and solution transport processes [18]. The ability of hydrophobic 
compounds to be solubilized and transported into bacterial cells capable of 
metabolizing them is potentially the rate limiting step in biodegradation. 
Numerous studies have examined the effect of artificial surfactants on the 
growth of hydrocarbon degrading microorganisms and the results have ranged 
from inconsistent to promising. A comprehensive review of the 
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Figure 8. Structures of some common biosurfactants. (A) Rhamnoiipids R1 
and R2 from Pseudomonas DSM 2874. (B) Trehalose tetraester from 
Rhodococcus erythropolis. (C) Sophoroselipld from Toru/opsis bombico/a. (D) 
Surfactin from Bacillus subtiUs [34]. 
influence of surfactants on biodegradation has been compiled by Rouse et al. 
1721. 
Enhancement of degradation in aqueous environments 
The effect of lecithin on the degradation of phenanthrene and 
fluoranthene in shake-flask cultures of PAH-degrading bacteria in pure culture 
was examined by Soeder et al. [73]. The three strains evaluated were 
Pseudomonas 0259, Rhizomonas MKm, and Mycobacterium EMI 2. The grade 
of lecithin in their study contained 97% phospholipids (26% PC, 21 % PE, and 
<3% lysophosphotidylcholine) and exhibited a CMC of 87.6 mg L'\ Both 
phenanthrene and fluoranthene were degraded at significantly higher rates by 
all three bacteria in the presence of lecithin. These researchers used a 
relatively high concentration of lecithin in the phenanthrene experiment (2.5 g 
L'^). This indicates that toxicity was not a factor. For fluoranthene, 13.5 mg 
L'^ lecithin w&s used, and degradation was enhanced significantly. 
Enhanced degradation of n-dodecane by Candida lipolytica in the 
presence of Tween 20, Tween 80 and Triton X-100 was reported by 
Whitworth et al. [911. The order of enhancement effectiveness was Triton X-
100 < Tween 80 < Tween 20. They then examined the degradation of n-
alkanes of various chain length. The extent to which they were degraded is in 
the order Cig < C14 < Cg < C^o < C,2. 
The relationship between hydrocarbon affinity and extent of 
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degradation enhancement by surfactants was investigated by Nakahara et ai. 
[58]. Five ml of /}-alkanes was added to 8 ml of cell suspension and mixed. 
The organic phase was then allowed to separate and the change in optical 
density of the aqueous phase determined. The formula (OD^-ODjI/ODv where 
the difference in OD Is divided by the original OD (ODi), corresponds to the 
hydrophobicity of the cell surface. A value of 1 represents the highest affinity. 
Observations of the effects of Tween 20 on /7-hexadecane degradation 
demonstrate that, in general, the organisms with high affinity values 00.88), 
such as Candida tropicalis and Candida lipolytica, were either not affected or 
inhibited by Tween 20. n-Hexadecane degradation by organisms with low 
affinity (<0.35), such as Pseudomonas aeruginosa, was enhanced by the 
presence of both Tween 20 and Tween 80. 
Alkane utilization by yeasts in the presence of carboxylic acid esters 
and alcohol ethers of polyoxyethylene sorbitan detergents of varying HLB 
number was evaluated by Tanaka and Fukui [78]. Overall the optimal HLB 
value for yeast in a 1.0% alkane mixture was in the range of 11 to 15. 
Interestingly, HLB values of 8 to 11 were effective in the early growth phase, 
whereas, HLB values of 15 to 18 were effective in the late growth phase. 
Another aspect of degradation enhancement is the utilization of 
surfactants which provide some nutritive component. For example, 
microemulsions of urea in Iauryl phosphate provides nitrogen and phosphorous. 
These compounds enhance degradation even in environments where nutrients 
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are not limiting [19]. 
Inipol EAP 22 is an oleophilic microemulsion developed by Elf Aquitaine 
containing a solution of urea in brine, encapsulated in oleic acid as the external 
phase, with lauryl-ether-phosphate as the surfactant. It is used commercially 
to enhance in situ degradation. Churchill et al. [19] evaluated the 
effectiveness of Inipol EAP 22 in comparison to Triton X-45, Triton X-lOO and 
Triton X-165. Emulsification and degradation of phenanthrene by 
Pseudomonas saccharophila was examined in the presence of 0.1 % 
surfactant. Inipol EAP 22 increased the aqueous phase concentration of 
phenanthrene from 1 to 31.3 mg 1"^ and Triton X-45 increased it to 37.6 mg \'\ 
Triton X-lOO and Triton X-165 increased the aqueous phase concentration to 
19.4 and 6.2 mg L'\ respectively. All the surfactants increased the rate of 
mineralization, however, the Inipol EAP 22 exhibited a dramatically greater 
effect on enhancement. 
Mineralization of naphthalene and hexadecane partitioned into the 
organic solvent heptamethylnonane in water was demonstrated by Efroymson 
and Alexander [24]. Cells of Arthrobacter sp. attached to the solvent water 
interface and utilized the hydrocarbons without detectable production of a 
biosurfactant. The addition of 0.1% Triton X-100 prevented the cells from 
adhering. The surfactant also prevented hexadecane mineralization, however, 
the rate and extent of naphthalene degradation was enhanced. 
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Enhancement of degradation in soil 
The effect of Inipol EAP 22 and bioaugmentation on degradation of light 
crude oil in beach sand was examined by Lee and Levy [48]. Perforated, 
stainless steel chambers were planted in the shoreline at mid-tide and used as 
in situ microcosms. Sybron Corporation's bioaugmentation product (1000-2) 
was used as the seed. Their results indicate that degradation was enhanced 
by bioaugmentation, although activity was short-lived. Fertilization with Inipol 
EAP 22 did stimulate the indigenous flora and degradation was maintained by 
repeated application of the fertilizer with bacterial seeding being unnecessary. 
The effects of non-ionic surfactants at low concentrations on the 
desorption and biodegradation of phenanthrene and biphenyl in mineral and 
organic soil was evaluated by Aronstein et al. [6]. Triton X-100 at 100 //g ml'^ 
had no effect on desorption, whereas, both Alfonic 810-60 and Novel II 1412-
56 enhanced desorption of both phenanthrene and biphenyl from mineral soil. 
Alfonic 810-60 promoted desorption from the organic soil. Biodegradation of 
phenanthrene was enhanced by Alfonic 810-60 and Novel II 1412-56 at a 
concentration of 10//g mr\ however, little or no biodegradation was observed 
at 100 /:/g surfactant mr\ Further research by Aronstein and Alexander [4] 
evaluated the effect of fertilization and bioaugmentation on the biodegradation 
of phenanthrene and biphenyl in aquifer soils. Addition of Alfonic 810-60 and 
Novel II 1412-56 at concentrations of 10//g ml'^ and 100//g ml"^ slightly 
enhanced degradation and the addition of N and P did not stimulate 
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degradation. However, addition of phenanthrene- and biphenyl-utilizing 
microorganisms did enhance degradation, and the rate was further increased 
by either surfactant. Neither phenanthrene nor biphenyl were leached from the 
soil, however, degradation products were detected in the leachate [5]. They 
suggest that using low concentrations of surfactants is advantageous in that 
leaching is reduced without a loss in blodegradative activity. 
By combining surfactant addition with soil agitation and slurrying, Fu 
and Alexander [29] demonstrated enhancement of phenanthrene degradation 
by Triton X-100, and the degradation of biphenyl by Tween 80. 
Large amounts of lubricating oil-degrading bacteria were cultured by 
Rittmann and Johnson [70] using the surfactant corexit 7664 to maintain an 
oil-in-water emulsion. This culture was employed as a soil inoculum at a level 
of 4.9 X 10° g'^ soil showing an initial increase in lubricating oil degradation. 
However, this enhancement was short-lived. Degradation was maintained only 
when the contaminated soil was put into a water-soil slurry with the addition 
of both microorganisms and corexit 7664. 
Inhibition of degradation 
The effect of several surfactants on the degradation of polycyclic 
aromatic compounds was investigated by Tiehm [81]. Nonionic 
alkylethoxylate and alkylphenolethoxylate types with an ethoxylate chain of 9 
to 12 monomers were toxic to the PAH degrading Mycobacterium sp. as well 
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as to the PAH degrading mixed culture. Toxicity decreased with increasing 
hydrophobicity (increased ethoxyiate chain length) of the surfactants. 
Surfactants that were not toxic enhanced the degradation of fluorene, 
anthracene, fluoranthene, and pyrene. 
The effect of Triton X-100 on naphthalene degradation in aqueous 
systems was examined by Liu et al. [49]. Their results indicate little effect on 
naphthalene mineralization at Triton X-100 concentrations of 0, 0.0025 (%x 
CMC) and 0.20% (20x CMC), however, Laha and Luthy [461 demonstrated 
inhibition of phenanthrene mineralization by Triton X-100 at a concentration of 
10,000 mg L'' in aqueous and soil-water systems. Degradative activity was 
only recovered when the concentration of Triton X-100 was reduced to sub-
CMC levels. Chemical modeling of the phase partitioning indicated that 
inhibition was not due to surfactant toxicity, but rather, to a decrease in the 
available phenanthrene through micellization. This was further substantiated 
by Volkering et al. [87] by comparison of solubilization and rates of dissolution 
of crystalline naphthalene and phenanthrene to models based on the 
assumption that micelles behave as a separate phase. Increased 
concentrations of Triton X-100 increased dissolution of phenanthrene and 
naphthalene with no increase of these compounds occurring free in the 
aqueous phase. Microbial degradation rates were enhanced by increasing 
concentrations, but below model predictions based on dissolution rates. 
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Toxicity vs. specificity 
While some surfactants are toxic, inhibition is often related to specificity 
between the surfactant, microbe and chemical. It is important that the 
surfactant is compatible with both the hydrocarbon and the microorganisms of 
interest [26,72]. Steric or conformational compatibility of surfactants with cell 
membrane lipids and enzymes is an important metabolic factor. Ito et al. [39] 
demonstrated the enhancement of /i-alkane utilization by Toru/opsis bombicola 
when the growth medium Is supplemented with sophorolipids derived from this 
strain. However, when this biosurfactant is added to the growth media of 
several yeasts including Candida, Pichia, and Saccharomycopsis, n-alkane 
utilization is inhibited. 
Falatko and Novak [26] extracted biosurfactants from bacterial cultures 
grown on gasoline and on vegetable oil. Both biosurfactant types increased 
gasoline solubility; however, the addition of the biosurfactant, derived from the 
gasoline-grown culture, to gasoline contaminated microcosms did not enhance 
gasoline degradation. Addition of the biosurfactant, derived from the 
vegetable oil culture, to these microcosms strongly inhibited gasoline 
degradation. Since no surfactant is functional in ail applications, it is 
suggested that biosurfactant be harvested from degradative consortia grown 
on the contaminant of interest. 
Mineralization of biphenyl sorbed to polyacrylic beads by microbial 
consortia was demonstrated by Calvillo and Alexander [14]. No biosurfactant 
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production was detectable. Pure cultures derived from this consortia degraded 
biphenyl in solution, but were unable to utilize biphenyl sorbed to polyacrylic 
beads. The addition of biosurfactants and surfactants, including Triton X-100 
and Tween 80, did not result in utilization of sorbed biphenyl by the isolates, 
however, cells attached to the beads degraded sorbed biphenyl without the 
addition of surfactants. They suggest that, under certain circumstances, 
bacterial attachment can play a larger role than surfactants in enhancing 
degradative activity, and surfactants may even inhibit degradation by 
interfering with attachment. 
Candida guiUiermondii was cultured by Aiba et al. [2] using /7-alkanes as 
the sole carbon source . /?-Alkanes ranging from were utilized with 
slightly less growth on C13. Microscopic observations revealed that the 
addition of 0.02% Tween 20 interfered with attachment of the yeast to the n-
alkane droplets and reduced degradation. 
Sorption of Organic Compounds Using Agricultural Co-products 
Agricultural co-products have been receiving scrutiny recently due to 
their low cost and potential use as sorbants. Textile dyes have been removed 
from waste streams by using rice husk [60], coirpith [59], and activated 
peanut husk [52]. Choi and Kwon [16] have demonstrated the use of 
nonwoven cotton materials for the cleanup of oil spills in aqueous 
environments. 
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The effectiveness of silk cocoon waste as a carrier for bacterial 
inoculants was evaluated by Jauhri et al. [42]. They introduced species of 
Rhizobium and Azotobacter onto the waste and showed a reduction of 
microbial numbers of approximately 10^^ down to 10^ over a period of 12 
weeks. 
Pometto et ai. [64] give evidence that the presence of grain hulls 
enhances the degradation of diesel fuel and crude oil in soil. Studies using 
microcosms containing pea gravel amended with diesel fuel and crude oil 
indicate a population of petroleum hydrocarbon degraders associated with the 
hulls. 
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THE EFFECT OF SURFACTANTS ON THE BIODEGRADATION OF DIESEL 
FUEL, CRUDE OIL AND USED MOTOR OIL IN AQUEOUS ENVIRONMENTS 
A paper to be submitted to the Journal of industrial Microbiology 
Steven A. Baranow\ Anthony L. Pometto 111^'^ 
Charles S. Oulman*, and Alan A. Dispirito^ 
Abstract 
The effect of Triton X-100, Tween 80 and lecithin on the biodegradation 
of crude oil, diesel fuel and used motor oil by environmental isolates was 
evaluated in yeast-extract media containing surfactant at concentrations of 0, 
10, 100, 500, and 1,000 mg L'\ Sixty one microbial isolates from various 
sources were evaluated for petrochemical biodegradation and emulsification 
performance. From this screen, four isolates. Bacillus sp. SH.7.C-P, 
Rhodococcus equi MO.M-N, Rhodococcus equi CP.M-P, and Yarrowia lipolytica 
CP.D-N were selected for further studies. Petroleum-degrading activity of 
these isolates was evaluated by COj evolution from 20-ml bubbler tube 
cultures containing 2-ml petroleum hydrocarbons as the sole carbon source. 
Diesel fuel degradative activity of lipolytica CP.D-N was enhanced by low 
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concentrations of Triton X-100, and also by Tween 80, regardless of 
concentration, whereas, low levels of lecithin were inhibitive. 
Crude oil degradation by /. lipolytica CP.D-N was Inhibited by Tween 80. 
Lecithin enhanced crude oil degradation by Bacillus sp. SH.7.C-P, as well as 
used motor oil degradation by R. equi MO.M-N. Used motor oil degradation by 
R. equi CP.M-P. was inhibited by Triton X-100. 
Introduction 
A variety of microorganisms have been isolated which are able to utilize 
petrochemicals and other xenobiotic compounds as sole carbon sources in 
vitro [3]. However, the application of organisms for use in in situ biological 
remediation of petroleum contaminated environments via bioaugmentation has 
met with mixed results [10,11,13,20]. Whether factors such as competition 
with the indigenous flora, or other barriers to establishment play a role, it is 
important to provide the introduced population a means to persist while 
maintaining degradative activity. This is especially true if the xenobiotic 
compound of interest is at a relatively low initial concentration. 
A prerequisite for microbial degradation of liquid hydrocarbons is the 
formation of biosurfactants by the microorganisms responsible for the initial 
uptake and metabolism of the hydrocarbon [23]. Supplementing contaminated 
soils with surfactants and emulsifiers has been demonstrated to enhance both 
the rate and extent of degradation [2,15]. A comprehensive review of the 
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influence of surfactants on blodegradation has been compiled by Rouse et al. 
[211. 
Surfactant addition for enhancing the biological degradation of a 
particular contaminant by an introduced microorganism requires that the 
surfactant is compatible with both the microorganism and the contaminate 
compound [21], and be present at an adequate, while noninhibitory, 
concentration. In this study, several environmental isolates were screened for 
their ability to degrade and emulsify crude oil, diesel fuel or used motor oil. 
Isolates exhibiting the highest activities were identified and further evaluated in 
0.1% yeast extract media containing petrochemical and various concentrations 
of lecithin, Triton X-100 or Tween 80. 
Materials and methods 
Surfactants 
Lecithin (purified) and Tween 80 were purchased from Fisher Scientific 
(Fairlawn, NJ). Triton X-100 was purchased from Aldrich Chemical Co. 
(Milwaukee, Wl). 
Media 
The yeast extract (YE) media used for both enrichment and activity 
studies of petroleum degrading microorganisms contained: 5.03 g of Na2HP04, 
1.98 g of KHjP04, 0.2 g of MgSO^yHjO, 3.0 g of (NH4)2S04, 0.2 g of NaCI, 
0.05 g of CaOzlHzO, 1 g of yeast extract (Difco Laboratories, Detroit, Ml), pH 
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7.2, and 1 ml of trace element solution per liter of deionized water. The trace 
element solution contained: 6.4 g of CuSO^SHjO, 1.1 g of FeS04"7H20, 7.9 g 
of MnCla^HjO, and 1.5 g of ZnS047H20 per liter of deionized water [18]. 
Bubbler tube cultures 
Microbial activity was measured by CO, evolution by bubbler tube 
cultures at 25°C [16]. Samples of petroleum, surfactant, and microbial 
inoculum, alone or in combinations of interest, were added to 20 ml of sterile 
0.1% yeast extract medium in 25 x 160 mm culture tubes and stoppered with 
a two-port silicon stopper (Figure 1). Diesel fuel was sterilized by filtration 
through a sterile Aero 50, 0.45//m filter (Gelman, Ann Arbor, Ml) prior to use. 
Filter sterilized COj-free air was continuously passed through each culture tube 
at a rate of 2 to 3 ml min'^. Evolved COj was captured in 2 N NaOH and 
quantified by end point titration with standardized HCI by using a DL12 auto 
titrator (Mettler, Hightstown, NJ). 
Isolation of petrochemical degrading bacteria 
Bacterial cultures were isolated from four sources: (a) a soil sample from 
the coal storage site of the Iowa State University; (b) an aqueous slurry of 
used motor oil; (c) a mixture of 300 g pea gravel, soybean hulls (40% v/v), 
and 2,000 ppm crude oil (Exxon Valdez) or #2 diesel fuel from a local service 
station; and (d) a mixture of 300 g pea gravel. Modified Natural Product (MPN) 
(a peat moss substitute produced by ControlC, Des Moines, lA) (40% v/v), and 
2,000 ppm crude oil or #2 diesel fuel. The pea gravel mixtures were 
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previously described by Pometto et al. [17] and were incubated under aeration 
and constant moisture for 56 days while petroleum loss was monitored. 
Samples from these mixtures were then inoculated into enrichment media of 
two different pH values: citrate buffered mineral medium (pH 4) and 
phosphate buffered medium (pH 7) [5] each containing crude oil or diesel fuel. 
Five enrichments derived from the gravel mixtures were selected for further 
study: pea gravel/soybean hull inocula in phosphate with diesel fuel; 
phosphate buffer with crude oil; citrate buffer with diesel fuel; citrate buffer 
with crude oil; and pea gravel/MPN inocula in citrate buffer with diesel fuel. 
Inocula from the five gravel mixture enrichments, the aqueous used-
motor-oil slurry and 10 g of coal pile soil were introduced to 100 ml of sterile 
YE mineral medium in a cotton plugged 250-ml Erlenmeyer-flask containing 1 
ml of crude oil, used motor oil, or diesel fuel. This enrichment was shaken at 
room temperature at 150 rpm. After two days, 1 ml was serially transferred to 
fresh enrichment medium with petroleum and after two additional days of 
shaking, one more serial transfer was performed. Aliquots of this enrichment 
were plated onto trypticase soy agar, nutrient agar and potato dextrose agar 
(Difco Laboratories). Isolates from these plates were reintroduced into the 
enrichment medium containing 1 ml of their respective petroleum and shaken 
at 150 rpm. Degradatlve activity was tentatively identified by the observation 
of petroleum emulsification. Isolates showing activity were further evaluated 
for CO2 evolution when grown in media with diesel fuel, crude oil or used 
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motor oil as the sole carbon sources in bubbler tube cultures. Cultures were 
evaluated as single observations during this screen. 
Effect of surfactants on diese! fuel, crude oil, and used motor oil 
biodegradation activity 
Bacterial strains were cultured in bubbler tubes containing YE media 
supplemented with diesel fuel, used motor oil, or crude oil. The surfactant 
concentration in the culture media ranged from 0 to 1,000 mg4.'\ Each 
treatment was evaluated in replicates of three. 
Petroleum emulsification in the bubbler tubes was determined after the 
28 day incubation. One and a half ml aliquots were centrifuged at 13,000 rpm 
for 8 minutes in an Eppendorf 5415 C centrifuge (Brinkman Instruments, inc., 
Westbury, CT). One half ml of the supernatant was transferred to a glass 
cuvette and diluted with 2.0 ml deionized H^O. The absorbance of this 
suspension was measured at 400 nm by using a Spectronic 20 
spectrophotometer (Milton Roy). 
Results 
Bacteria! strain activity and selection 
Bacterial isolates showing emulsification of petroleum in shake-flask 
culture were further evaluated in bubbler tube culture containing either diesel 
fuel, crude oil, or used motor oil. Isolates demonstrating substantial 
emulsification and generating high concentrations of CO2 were selected for 
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further evaluation (Tables 1, 2 and 3). Microbial isolates CP.D-N for diesel 
fuel, SH.7.C-P for crude oil, and MO.M-N and CP.M-P for used motor oil were 
selected for further study. They have been identified by Cargill Analytical 
Services (Cedar Rapids, lA) as Yarrowia lipolytica CP.D-N, a Bacillus sp. 
SH.7.C-P, Rhodococcus equi MO.N-N, and Rhodococcus equi CP.M-P, 
respectively. 
Effect of surfactant concentration on petroleum degradation 
In order to determine the optimum level of surfactant, degradation of 
petroleum was measured (as determined by CO2 evolution) in media containing 
0, 10, 100, 500, and 1,000 ppm surfactant. The effect of surfactant addition 
on diesel fuel degradation and emuisification by /. lipolytica CP.D-N is 
illustrated in Figure 2. The COj evolution rate was slightly enhanced by the 
presence of Tween 80, regardless of concentration. Triton X-100 displayed 
enhanced CO2 evolution at a concentration of 100 ppm. However, there was 
less observed difference of COj evolution at other concentrations compared to 
the 0 ppm control, although substantial emuisification is observed in the 
culture containing 1,000 ppm surfactant (Figure 2). Low levels of lecithin in 
the medium showed an inhibitive effect, whereas, COj evolution was 
recovered at increased levels of lecithin. Emuisification in the lecithin amended 
cultures was slightly higher when inoculated with Y. lipolytica CP.D-N. 
However, increased levels of lecithin did not induce a corresponding level of 
emuisification. 
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The degradation and emulsification of crude oil by V. ffpotytica CP.D-N 
was measured in the presence of various concentrations of surfactants (Figure 
3). The highest rate of CO2 evolution and cumulative CO2 production was 
observed in the presence of Triton X-100 at a level of 500 ppm when 
inoculated with Y. lipolytica CP.O-N. The elevated degradation rate 
corresponded to a lower degree of emulsification when compared to the 
uninoculated control. The presence of Tween 80 reduced the CO2 evolution 
rate at all concentrations. At the level of 1,000 ppm surfactant, however, a 
higher degree of emulsification was observed in the inoculated Tween 80 
culture than in the inoculated Triton X-100 culture. 
Crude oil degradation and emulsification by Bacillus sp. SH.7.C-P is 
illustrated in Figure 4. Both the CO2 evolution rate and the degree of 
emulsification in the cultures inoculated with Bacillus sp. SH.7.C-P increased in 
the presence of 1,000 ppm lecithin. However, in the presence of Triton X-
100, degradation decreased with increasing emulsification as the level of 
surfactant increased. 
The degradation of used motor oil by R. equi MO.M-N is enhanced by 
the presence of lecithin (Figure 5). The higher rate of CO2 evolution in the 
inoculated culture containing lecithin with no used-motor-oil when compared to 
the uninoculated culture is indicative of lecithin metabolism by this strain. In a 
manner similar to crude oil degradation by Bacillus sp. SH.7.C-P, increased 
levels of Triton X-100 corresponded with a decrease in CO2 evolution and an 
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increased level of emulsification. 
Lecithin also slightly enhanced both COj evolution and emulsification by 
R. equi CP.M-P. Cultures amended with Triton X-100 displayed lowered CO, 
notwithstanding the substantial emulsification. 
Discussion 
Whereas numerous studies have demonstrated enhanced biological 
degradation of petroleum hydrocarbons by the addition of surfactants, it is 
evident that the effect of surfactants on petroleum biodegradation is 
dependent on both the surfactant concentration and the specific combination 
of petroleum, surfactant, and degradative isolate. The degree of emulsification 
alone does not directly correlate to the degree of degradation. The extent of 
degradative activity is partially determined by the specificity of the 
microorganism and the surfactant amendment. Falatko and Novak [6] 
demonstrated the inhibition of gasoline degradation by the addition of 
biosurfactant isolated from a vegetable oil-degrading culture. Yeasts such as 
Candida, Pich/a and Saccharomycopsis cultured on n-alkanes were inhibited by 
the addition of a lactonic sophorolipid biosurfactant isolated from another yeast 
Torulopsis bombicola [9]. Nakahara et al. [15] showed that microbial affinity 
for hydrocarbons partially determines surfactant influence. The degradation of 
n-alkanes by Pseudomonas aeruginosa, which has a low affinity for 
52 
hydrocarbons, was enhanced by the addition of Tween 20, Tween 80 and 
other surfactants, whereas, yeasts, including Candida tropica/is, with a high 
hydrocarbon affinity, were inhibited by Tween 20 when cultured on 
hexadecane. Other organisms with moderate affinities, such as Candida 
lipolytica {Yarrowia lipolytica) and Corynebacterium equi (Rhodococcus equi) 
were unaffected by the presence of Tween 20. However, Whitworth et al. 
[25] demonstrated enhanced degradation of dodecane by Candida lipolytica 
(Yarrowia lipolytica! in the presence of Tween 20 and Tween 80. Triton X-
100, however, was inhibitive even though substantial emulsification was 
observed. Also, Ramsay et al. [19] report enhanced hexadecane degradation 
by Rhodococcus aurantiacus when the added surfactant was the biosurfactant 
produced by this strain. Degradation of used motor oil by the Rhodococcus 
equi strains in this report was not enhanced by Tween 80 or Triton X-100. It 
is noteworthy to refer to the research of Vazquez-Duhalt and Greppin [24] who 
demonstrate the solubilization of heavy metals as a result of the metabolism of 
the used motor oil-degrading bacterium Pseudomonas fluorescens. Whether 
there were any heavy metal toxicity factors in this present research is not 
known. 
Lecithin is a complex mixture composed primarily of 
phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, and 
phosphatidic acid approximately 23, 20, 14, and 8% respectively. This 
mixture did enhance the degradation of used motor oil as well as crude oil by 
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the Bacillus sp. A general inverse trend was observed with Triton X-100, in 
that, CO2 evolution often decreased with increasing Triton X-100 
concentration and the degree of emulsification. 
While several different classes of surfactants derived from Bacillus sp. 
have been characterized [12,14], there are few reports of petroleum 
hydrocarbon degradation by this genus. Bacillus sp. showing degradative 
activity towards Nigerian light crude [8] and Bonny light crude [1] have been 
described. Sorkhoh et al. 122] report the high temperature treatment of oii-
polluted Kuwati desert material using Bacillus stearothermophUus. The ability to 
form spores gives these organisms the ability to persist in contaminated 
environments [4]. 
Because of the potential of surfactants to enhance the biological 
degradation of petrochemicals in situ, there exists a need to provide cost 
effective options which are applicable to a broad range of applications. This 
research indicates that lecithin may be one practical alternative. Additional 
research is needed to explore this option. 
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Table 1. Diesel fuel emulsification and total COj evolved after 5 weeks growth 
for various bacterial isolates. 
Isolate Emulsification 
value * 
Total CO2 
evolved 
(mg C) 
SH\7=.D''-NM 3 263 
SH.7.D-N2 3 244 
SH.7.D-N3 4 199 
SH.7.D-P'1 4 189 
SH.7.D-P2 2 215 
SH.7.D-T« 5 194 
SH.4\D-N1 2 165 
SH.4.D-N2 2 222 
SH.4.D-N3 4 234 
SH.4.D-P 3 229 
MNP'.4.D-N1 3 220 
MNP.4.D-N2 3 193 
MNP.4.D-P 1 130 
MNP.4.D-T1 3 130 
MNP.4.D-T2 4 239 
SY\D-N1 3 217 
SY.D-P1 3.5 223 
SY.D-P2 5 147 
SY.D-P3 2 237 
SY.D-T1 1 100 
SY.D-T2 3 216 
CP'.D-N 3.5 272 
CP.D-N1 2 153 
CP.D-N2 3 147 
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CP.D-N3 3 171 
CP.D-P 2 219 
CP.D-PT1 1 80 
CP.D-P2 3.5 226 
] Diesel blank' 2 75 
1 Blank 10 
a) The 0 to 5 scale is a variation of the method of Francy et al. [7] with 0 
representing none and 5 excellent emulsion. 
b) isolated from soybean hull/gravel mixture [17]. 
c) Enriched in a pH 7 phosphate buffer with diesel fuel [5]. 
d) Isolated after serial transfers in diesel fuel enrichment. 
e) Isolated on nutrient agar (pH 6.8). 
f) Isolated on potato dextrose agar (pH 5.6). 
g) Isolated on trypticase soy agar (pH 7.3). 
h) Enriched in a pH 4 citrate buffer with diesel fuel [5]. 
i) Modified Natural Product [17]. 
]) Isolated from Sybron biodegradation product. 
k) isolated from soil at the ISU coal pile in Ames, lA. 
I) Diesel was not filter sterilized. 
59 
Table 2. Crude oil emulsificatlon and total COj evolved after 5 weeks growth 
for various bacterial isolates. 
1 Isolate Emulslfication 
value * 
Total COj 
evolved 
(mg C) 
SH^7^C''-N'1 3 63 
SH.7.C-N2 2 69 
SH.7.C-P' 3 88 
SH.7.C-T" 4 78 
SH.4\C-N1 0.5 55 
SH.4.C-P1 3 99 
SH.4.C-P2 0 135 
SH.4.C-T 0 64 
sr.c-Ni 0 69 
SY.C-N2 3.5 85 
SY.C-N3 1 54 
SY.C-N4 3 63 
SY.C-T1 1 43 
SY.C-T2 0 32 
CP.C-N1 0 52 
CP.C-N2 2 56 
CP.C-N3 2.5 71 
CP.C-P1 3 51 
CP.C-P2 2 37 
CP.C-T1 4 114 
CP.C-T2 0 62 
CP.C-T3 4 
Crude oil blank 0 29 
Blank** 10 
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a) The 0 to 5 scale is a variation of the method of Francy et al. [7] with 0 
representing none and 5 excellent emulsion. 
b) Isolated from soybean hull/gravel mixture [17]. 
c) Enriched in a pH 7 phosphate buffer with crude oil [5]. 
d) Isolated after serial transfers in crude oil enrichment. 
e) Isolated on nutrient agar (pH 6.8). 
f) Isolated on potato dextrose agar (pH 5.6). 
g) Isolated on trypticase soy agar (pH 7.3). 
h) Enriched in a pH 4 citrate buffer with crude oil [5]. 
i) Isolated from Sybron biodegradation product. 
j) Isolated from soil at the ISU coal pile in Ames, lA. 
k) Crude oil was not filter sterilized. 
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Table 3. Used motor oil emulsification and total CO2 evolved after 5 weeks 
growth for various bacterial isolates. 
isolate Emulsification 
value * 
Total CO2 
evolved 
(mg C) 
CP^.M^-N"! 0 50 
CP.M-N2 0 18 
CP.M-P* 0.5 84 
CP.M-r 1 45 
MO".M-N 3 58 
M0.M-N1 2.5 41 
M0.M-N2 0 20 
M0.M-P1 3 59 
M0.M-P2 0 24 
M0.M-T1 3 41 
M0.M-T2 0 20 
Used motor 
oil blank** 
0 35 
Blank 10 
a) The 0 to 5 scale is a variation of the method of Francy et al. [7] with 0 
representing none and 5 excellent emulsion. 
b) Isolated from soil at the ISU coal pile in Ames, lA. 
c) Isolated after serial transfers in used motor oil enrichment. 
d) Isolated on nutrient agar (pH 6.8). 
e) Isolated on potato dextrose agar (pH 5.6). 
f) Isolated on trypticase soy agar (pH 7.3). 
g) Source was an aqueous, used motor oil slurry. 
h) Used motor oil was not filter sterilized. 
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COg free air (2-3 ml/min) Evolved CO 2 
Sterile cotton 
Petroleum 
20 ml media 10ml2N NaOH 
O 
CO^treM? 
Figure 1. Schematic of bubbler tube apparatus used to measure CO2 evolution 
from petroleum degrading cultures. 
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• Lecithin + CP.D—N 
• Triton X-100 + CP.D-N 
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Figure 2 Effects of lecithin, Triton X-100 and Tween 80 on the degradation of 
diesel fuel (A), and the ennulsification of diesel fuel (B) in bubbler tubes. Solid 
symbols represent inoculation with Yarrowia lipolytica CP.D-N. Hollow symbols 
are uninoculated. Dashed lines represent no petroleum addition to the bubbler 
tubes. 
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Figure 4 Effects of lecithin and Triton X-100 on the degradation of crude oil (A), 
and the emulsification of crude oil (B) in bubbler tubes. Solid symbols represent 
inoculation with Bacillus sp SH.7.C-P. Hollow symbols are uninoculated. Dashed 
lines represent no petroleum addition to the bubbler tubes. 
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THE EFFECT OF SURFACTANTS AND GRAIN HULLS ON THE 
BIODEGRADATION OF DIESEL FUEL BY YARROWIA LIPOLYTICA CP.D-N 
IN AQUEOUS ENVIRONMENTS 
A paper to be submitted to the Journal of Industrial Microbiology 
Steven A. Baranow\ Anthony L. Pometto 111^'^ 
Charles S. Oulnnan^, and Alan A Dispirito^ 
Abstract 
The biodegradation of diesel fuel by the yeast Yarrowia lipolytica CP.D-N 
in liquid culture was evaluated in the presence of oat, rice and soy hulls and 
the surfactants lecithin, Triton X-100 and Tween 80. Grain hulls (1 g) pre-
coated with surfactant at a concentration of 1,000 mg surfactant kg'^ hull 
were introduced into bubbler tubes containing 20-ml 0.1 % yeast-extract 
medium, 2-ml diesel fuel and Y. lipolytica CP.D-N. Two procedures were used: 
(a) in procedure 1, the hulls were added to the medium and then diesel fuel 
was added; and (b) in procedure 2, the hulls were soaked in the 2 ml of diesel 
fuel prior to adding the medium. Pre-exposure of the hulls to diesel fuel 
reduced the extent of diesel fuel removal for all treatments as measured by gas 
chromatography. Also, the removal of diesel fuel in cultures containing only 
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soybean hulls, as well as the reduction of diesel fuel removal in cultures 
receiving procedure 2, indicates the presence of a diesel-degrading population 
of microorganisms indigenous to the soybean hulls. Degradative activity and 
viability of Y. Upolytica CP.D-N applied directly to the hulls was examined. 
Hulls treated with Y. Upolytica CP.D-N did not display enhanced degradative 
activity, and plate counts exhibited a decrease in /. Upolytica CP.D-N after a 
period of 1 week on hulls that were treated with surfactant. 
Introduction 
Due to their ability to enhance the biological degradation of a wide 
variety of organic compounds, surfactants have realized increased application 
in in situ remediation projects. Conventionally, surfactants are applied to 
petroleum spills to take advantage of their dispersant qualities. It is fortuitous 
that it is the surfactant's capacity to emulsify and mobilize the organic 
contaminant which also renders the compound available to microorganisms. 
The biodegradation of/}-alkanes [10], PCBs [13], and polynuclear aromatic 
hydrocarbons (PAH) [2] in soil systems is enhanced by the addition of various 
surfactants or biosurfactants. 
Because of their effectiveness at solubilizing hydrocarbons, one concern 
of the use of surfactants in situ is the possibility that enhanced hydrocarbon 
mobility may result in a greater volume of contaminated aquifer in the absence 
of a recovery well. One technique used to address this problem is the use of 
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cationic surfactants, which bind to negatively charged soil particles. They 
solubilize hydrocarbons while remaining stationary in the soil matrix [24,25]. 
Another potential alternative is the use of sorbants such as agricultural by­
products. Recent research has examined the use of agricultural by-products to 
remove organic compounds from wastewater. Dyes have been successfully 
removed from wastewaters by using peanut hulls (6], coirpith from coconuts 
[16], and rice hulls [18]. Preliminary studies which evaluated pea gravel 
contaminated with diesel fuel and crude oil demonstrated enhanced 
degradation when soybean hulls were added to the mixture [20]. If grain hulls 
are used as the surfactant delivery vector in contaminated soils, hydrocarbons 
may be solubilized with reduced transport into uncontaminated soils. Grain 
hulls also provide nutrients as well as a support matrix on which to grow. 
Before performing in situ studies, it is important to study the dynamics of 
hydrocarbon degradation in the presence of these factors alone. The present 
paper examines the effects of soybean, rice, and oat hulls treated with Tween 
80, lecithin, and Triton X-100 on the biological degradation of diesel fuel by 
the yeast Yarrowia /ipo/ytica CP.D-N. 
Materials and methods 
Surfactants and hulls 
Lecithin (purified) and Tween 80 were purchased from Fisher Scientific 
(Fairlawn, NJ). Triton X-100 was purchased from Aldrich Chemical Co. 
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(Milwaukee, Wl). Rice hulls were courtesy of Wayne Marshall, Southern 
Regional Research Center, USDA (New Orleans, LA). Oat hulls were courtesy 
of National Oats (Cedar Rapids, lA). Soybean hulls were from the Cargill Soy 
Processing Plant (Iowa Falls, lA). 
Physical characterization of soybean, rice and oat hulls 
The relationship between percent moisture and water activity (a^) was 
ascertained after adding aliquots of 0, 5, 20, and 50 ml deionized-water to 100 
g of each type of hull. Percent moisture was determined by using a MA 30 
moisture analyzer (Sartorius Corp., Bohemia, NY). Water activity was 
measured with a CH-8040 hygroskop DT hygrometer (Rotronic ag, Zurich). 
Water holding capacity and diesel fuel holding capacity were determined 
by a similar method as described by Pometto et al. [19]. Hulls (1 g) were 
saturated in diesel fuel or water and transferred to 15-ml coarse-fritted-disc 
filtering funnels (Kimax). After 30 minutes of vacuum filtration, the filters and 
hulls were centrifuged at 480 X ^ for 10 minutes at 4°C. The hulls were then 
reweighed and percent weight gain determined. 
To determine pH, hulls were suspended in deionized water at room 
temperature for 5 to 10 minutes and pH determined. The pH of the media 
before and after hull addition was also determined. 
Media 
The yeast extract (YE) media used for both enrichment and activity 
studies of petroleum degrading microorganisms contained: 5.03 g of Na2HP04, 
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1.98 g of KH2PO4. 0.2 g of MgS0v7H20, 3.0 g of (NH4)2S04, 0.2 g of NaCI, 
0.05 g of CaCI-2H20, 1 g of yeast extract (Difco Laboratories, Detroit, Ml), pH 
7.2, and 1 ml of trace element solution per liter of deionized water. The trace 
element solution contained: 6.4 g of CuSOa-SHjO, 1.1 g of FeS047H20, 7.9 g 
of MnCij^HjO, and 1.5 g of ZnS047H20 per liter of deionized water [21]. 
Bubbler tube cultures 
To measure microbial activity, COj evolution was quantified by bubbler 
tube culture [19]. Samples of petroleum, hull, surfactant, and microbial 
inoculum, alone or in combinations of interest, were added to 20 ml of sterile 
YE medium in 25 x 160 mm culture tubes and stoppered with a two port 
silicon stopper. The diesel fuel used was filtered through a sterile Aero 50, 
0.45//m filter (Gelman, Ann Arbor, Ml) prior to use. Culture tube incubations 
were at 25°C. COj-free air was continuously passed through each culture 
tube at a rate of 2 to 3 ml min'^. Evolved CO2 was captured in 2 N NaOH and 
quantified by end point titration with standardized HCI by using a DL12 auto 
titrator (Mettler, Hightstown, NJ). 
Source and isolation of the diesel fuel degrading yeast 
Yarrowia lipolytica CP.D-N was isolated as previously described [3] from 
a soil sample from the coal storage site of the Iowa State University campus 
through serial enrichment culture in shake flasks containing YE medium and #2 
diesel fuel from a local service station. Aliquots were then subcultured onto 
nutrient agar. 
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Surfactant application to hulls 
One hundred grams of nonsterile, unground hull were spread on a 
sterile, aluminum-foil covered tray. Five ml of a 2% surfactant solution was 
applied to the hulls by using a 50-ml thin-layer-chromatography (TLC) glass 
sprayer apparatus (Part no. S7256, Sigma Chemical Co., St. Louis, MO). The 
final concentration of surfactant on the hulls was 1,000 mg kg'^ hull. Treated 
hulls were dispensed into glass jars, sealed, and stored in the dark at room 
temperature. 
Studies of diesel fuel degradation and emulsification 
Procedure 1: One-gram portions of hulls, both with- and without-
surfactant application (1,000 mg kg'^ hull), were dispensed into bubbler tubes 
containing 20-ml YE medium. The following combinations were then prepared 
in replicates of three: hulls atone; hull -i- /. lipolytica CP.D-N; hull + 2-ml 
diesel fuel; and hull + Y. lipolytica CP.D-N -t- 2-ml diesel fuel. Procedure 2: 
similar to treatment 1, however, hulls were saturated with 2-ml of diesel fuel 
prior to addition to YE medium. The two procedures are illustrated in Figure 1. 
The bubbler tubes were placed in 25°C water baths and analyzed for COj 
production at 7, 14, 21, and 28 days of incubation. After the 28 days, the 
remaining diesel fuel was quantified by gas chromatography (GC). 
Emulsification of diesel fuel was determined after the 28 day incubation. 
Aliquots were centrifuged for 8 minutes at 13,000 rpm in an Eppendorf 5415 
C centrifuge (Brinkman Instruments, Inc., Westbury, CT) to remove cell mass 
74 
and solid residues. One half ml of the supernatant was transferred to a glass 
cuvette and diluted with 2 ml deionized water. Absorbance was measured at 
400 nm with a Spectronic 20 spectrophotometer (Milton Roy). 
Hulls precoated with both surfactant and microorganism 
Three aqueous suspensions of Y. lipolytica CP.D-N were prepared, each 
containing one surfactant. Five ml of each suspension were applied, by using 
the sterilized TLC glass sprayer, onto 100 g of nonsterile and unground 
soybean-hulls spread on a sterile, aluminum-foil covered tray. The final 
surfactant concentrations applied were 100 mg kg'^ hull, and the 
microorganism concentrations applied were 2.4 X 10^ g'^ hull. One gram each 
of these composites was added to the culture bubbler tubes by using 
procedure 1 (in replicates of two). Bubbler tubes were incubated in a 25*'C 
water bath and CO2 evolution monitored for 28 days. 
Gas chromatographic analysis of diesel fuel 
Diesel fuel was extracted from the bubbler tubes after completion of the 
28-day CO2 evolution study by adding 10 ml of methylene chloride (Fisher 
Scientific Co., Itsaca, ID to each tube, vigorously shaking, and then pouring 
the entire liquid contents into a separatory funnel. This was repeated three 
times. Methylene chloride fractions were decanted, then filtered through 
anhydrous sodium sulfate (Fisher Scientific Co., Itsaca, ID on glass wool into a 
50-ml volumetric flask. The aqueous phase was extracted with methylene 
chloride two more times. All extracts were combined and stored at -20'*C in 
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crimp-sealed Wheaton vials (Wheaton Co., Millville, NJ) with PTFE-lined septa. 
The arrraunt of diesel fuel in these solvent extracts and appropriate 
dilutions was measured by using a GC (model 5890 Hewlett-Packard Co., Palo 
Alto, CA) equipped with a flame ionization detector with a 30-m DB-5 
narrowbore (0.25 mm ID) capillary column (J&W 10 Scientific, Folsom, CA). 
The carrier gas was hydrogen at a column flow rate of 2 ml min'^ and split 
injection ratio of 30:1. The injector and detector temperatures were each 
300°C. The initial oven was held at 35*'C for 2 minutes and then Increased to 
290°C at 12°C min'\ HP 3365 Chemstation software (Hewlett-Packard) was 
used to analyze the chromatograms. Concentrations were calculated based on 
total peak area minus the solvent peak. Values were interpolated based on an 
external standard curve generated with known diesel fuel concentrations in 
methylene chloride. Due to the difficulty in extraction, single samples from 
each treatment were analyzed with no replication. 
Results 
Physical characteristics of the hulls 
The relationship between percent moisture and water activity (a^) is 
illustrated in Figure 2. The moisture levels in the hulls were adjusted by the 
addition of aliquots of deionized water. Five ml of water per 100 g of hulls 
was the upper practical limit which could be added to the hulls while remaining 
below a level of moisture that would support the growth of most 
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microorganisms (a«, < 0.8) during storage, although osmophilic 
microorganisms may be less inhibited. 
Hull pH, water absorption capacities, and diesel fuel absorption 
capacities are listed in Table 1. Soybean hulls were able to absorb almost 
three times as much water as either oat or rice hulls. Diesel absorption 
approached 10 % (wt/wt) for all three hull types. 
Effect of hulls plus surfactants on degradation of diesel fuel 
The degradation of diesel fuel was examined in bubbler tubes inoculated 
with Y. lipolytica CP.D-N. Two procedures were used. In procedure 1, the 
hulls were added to the diesel-contaminated YE medium. In procedure 2, the 
diesel fuel-contaminated-hulls were added to the medium. Surfactant was 
applied to the hulls (1 g surfactant kg'^ hull) prior to all tests in both 
procedures. 
The large amount of COj evolution from the soybean hull control 
indicates a substantial amount of soybean hull degradation (Figure 3a). The 
addition of diesel fuel alone to the surfactant-free soybean-hull cultures and 
those treated with lecithin and Tween 80 using procedure 1 reduced the CO2 
evolution rate, but, the diesel fuel removals were comparable to the tubes 
inoculated with /. lipolytica CP.D-N (Figure 3c). Bubbler tubes prepared using 
procedure 2 displayed reduced diesel fuel removal, but their CO2 evolution 
rates were comparable to those prepared using procedure 1. The bubbler tube 
containing Triton-X100 applied hulls, diesel fuel and /. lipolytica CP.D-N 
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displayed enhanced rates of CO2 evolution. Addition of surfactants did not 
appear to enhance emuisification (Figure 3b). However, simultaneous 
degradation occurring in the cultures may have resulted in decreased 
emuisification (absorbance values) as the diesel fuel components were taken 
up or metabolized. 
From the rice hull bubbler tubes without diesel fuel, there was little 
endogenous CO2 evolution (Figure 4a). The addition of lecithin enhanced 
diesel fuel removal in the bubbler tube inoculated with Y. lipolytica CP.D-N, 
whereas, the other surfactants had little effect (Figure 4c). Bubbler tubes 
prepared using procedure 2 displayed reduced diesel fuel removals compared 
to those prepared using procedure 1. 
Bubbler tubes containing oat hulls showed little CO2 evolution from 
tubes without added diesel fuel (Figure 5a). Tubes with diesel fuel and 
inoculated with Y. lipolytica CP.D-N displayed enhanced CO2 evolution rates. 
This difference was not reflected in the GC analysis (Figure 5c). As with the 
other hulls, preexposure of the hulls to diesel fuel reduced the percent diesel 
removal. The combination of both Triton X-lOO and /. lipolytica CP.D-N 
inoculum displayed substantial emuisification. Apart from this observation Y. 
lipolytica did not exhibit pronounced emuisification under other culture 
conditions compared to controls. 
Figure 6 illustrates a GC chromatogram of the bubbler tubes of rice hulls 
with and without inoculation. The peak with the 16.119 minute retention time 
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(Figure 6B) represents pristane and illustrates the preservation of the 
isoprenoid. 
Diesel fuel removal by soybean hulls precoated with surfactant and 
microorganism 
Soybean hulls were precoated with both surfactant (100 mg kg'^ hull) 
and /. lipolytica CP.D-N (2.4 X 10^ g'^ hull) to ascertain whether 
biodegradative activity would be retained by the diesel fuel-degrading 
nriicroorganism in this state. Bubbler tube cultures of hulls receiving neither 
surfactant, diesel fuel, nor inoculum displayed substantial CO2 evolution (Figure 
7). The addition of diesel fuel enhanced CO2 evolution, however, the addition 
of surfactants countered this increase with lecithin being the most inhibitive. 
Inclusion of the isolate /. lipolytica CP.D-N did not reveal any stimulatory 
effect on degradation. Plate counts were perfornned 1 week after applying /. 
lipolytica CP.D-N to the hulls (Table 2). The presence of surfactants appeared 
to have a detrimental effect on viability. 
Discussion 
The optimism for the potential use of surfactants for the stimulation of 
biological degradation finds basis in numerous reports of enhanced degradative 
activity [1,13,23]. This is fortunate, since surfactants have also found a role 
in subsurface soil washing [4]. Other reports, however, indicate, ineffective 
[15], if not toxic [8], effects of surfactants in biodegradation studies. Whereas 
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some surfactants do indeed exhibit toxic characteristics towards 
microorganisms, there is evidence that surfactant specificity plays a crucial 
role [7,10,23]. That is, the surfactant should be compatible with both the 
xenobiotic compound(s) as well as the microorganism (or consortia). Examples 
of this specificity include; Triton X-100 enhanced naphthalene degradation by 
Arthrobacter, but inhibited hexadecane degradation [23]. Tween 20 inhibited 
hexadecane degradation by Candida tropica/is and n-alkane degradation by C. 
tropicah's and C. guiUiermondii, whereas dodecane degradation by C. lipolytica 
was enhanced. n-Alkane degradation by C. lipolytica and hexadecane 
degradation by C. rugosa were not affected [17]. It has also been 
hypothesized that steric conformations of the surfactant may affect the 
incorporation of the solubilized hydrocarbon into the particular cellular 
membrane [23]. The myriad of results obtained by the various combinations of 
surfactants and grain hulls illustrate the specificity that characterizes the 
interactions between surfactants, microbes, substrate, and, in our case, 
ancillary supplements. 
The effect of surfactants on biodegradation of petrochemicals is 
dependent on other factors such as the surfactant concentration, the specific 
combination of petroleum, surfactant and degradative isolate, and the order in 
which they are added to the study culture. The results of the CO, evolution 
from the bubble tube cultures with hulls precoated with both surfactant and 
microorganism were not as high as expected when compared to cultures in 
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which the microorganism is added separately. In regards to diesel fuel 
biodegradation, either the viability or total number of the CP.D-N strain may 
have been inadequate, or diesel fuel availability to the microorganism may have 
been diminished, or perhaps the order of application to the soybean hull may 
been improper. The surfactant and microorganism were applied as a single 
suspension. The data Indicate that higher concentrations of surfactant, 
especially lecithin, may have been required for enhanced biodegradative 
activity. 
The GC analysis reveals an inherent deficiency in judging biodegradation 
by CO2 evolution. Clearly, in treatments containing a high amount of organic 
matter (hulls or other amendments), CO2 evolution is only an indicative 
assessment of petroleum biodegradation and cannot be used as a sole measure 
of biodegradation. 
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Table 1. The pH, percent water and diesel fuel absorption capabilities for 
soybean, rice, and oat hulls.' 
Hull pH pH in mineral 
media 
% Water 
adsorption " 
% Diesel 
adsorption 
Soybean 5.84 6.92 148 ± 0.57 9.30 + 1.13 
Oat 6.36 6.93 49.18 ± 1.14 8.91 + 1.98 
Rice 5.91 6.95 31.35 ± 1.51 8.58 + 1.51 
All data are the averag e of three replicates 
" ± 1 standard deviation 
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Table 2. Water activities and plate counts of Y. lipolytica CP.D-N fronn 
inoculated soybean hulls one week after inoculation.* 
Total count /. lipolytica** 
BfiJLg— 
Soybean hulls 
+ CP.D-N 0.670 3.40X 10' 3.40X10' 
Soybean hulls 
+ CP.D-N 0.675 2.35X 10' 1.55X10' 
with lecithin 
Soybean hulls 
+ CP.D-N 0.679 1.80X 10' 0.55X10' 
with Triton X-100 
Soybean hulls 
+ CP.D-N 0.687 0.16X 10' 1.50X10' 
with Tween 80 
' Final surfactant concentration was 100 mg kg'^ hull and /. lipolytica 
CP.D-N was applied at 2.4 X 10^ g'^ hulls. Data are averages of two 
replicates on Trypticase Soy agar. 
" Based on colony morphology 
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Figure 1. Schematic of bubbler tube apparatus used to measure COj evolution 
from petroleum degrading cultures. Procedure 1: Hull added to minimal medium, 
mixed, then petroleum product added. Procedure 2: Petroleum product was added 
to hulls then added to minimal medium and mixed. 
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Figure 3. Effect of soybean hulls, Y. lipolytica CP.D-N, and surfactants on the 
biodegradation of diesel fuel. (A) CO2 evolution rate. (B) Emulsiflcation of diesel 
fuel. (C) Diesel fuel removal as measured by GC after 28 days incubation. 
Procedure 1: Hull added to YE medium, mixed, then petroleum product added. 
Procedure 2: Petroleum product was added to hulls and then added to YE 
medium and mixed. 
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Figure 4. Effect of rice hulls, /. lipolytica CP.D-N, and surfactants on the 
biodegradation of diesel fuel. (A) CO; evolution. (B) Emulsification of diesel 
fuel. (C) Diesel fuel removal as measured by GC after 28 day incubation. 
Procedure 1: Hull added to YE medium, mixed, then petroleum product added. 
Procedure 2: Petroleum product was added to hulls and then added to YE 
medium and mixed. 
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Figure 5. Effect of oat hulls, V. lipolytica CP.D-N, and surfactants on the 
biodegradation of diesel fuel. (A) CO2 evolution. (B) Emulsification of diesel 
fuel. (C) Diesel fuel removal as measured by GC after 28 day incubation. 
Procedure 1: Hull added to YE medium, mixed, then petroleum product added. 
Procedure 2: Petroleum product was added to hulls and then added to YE 
medium and mixed. 
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Figure 6. Gas chromatograms of diesel fuel extracts. (A) Chromatogram of the 
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SUMMARY AND CONCLUSIONS 
Summary 
The stimulation of biological degradative activity in contaminated 
environments requires essential factors such as nutrients and conditions 
permitting growth. However, additional supplements such as surfactants may 
potentially aid in both contaminant accessibility and metabolism. 
Lecithin has received little attention in terms of its ability to enhance 
biodegradation. This is surprising considering its low cost, availability, 
environmental transience (susceptibility to biodegradation), and its emulsifying 
capability. The addition of lecithin enhanced the biological degradation of crude 
oil by Bacillus sp. SH.7.C-P and used motor oil by Rhodococcus equi CP.M-P 
and Rhodococcus equi MO.M-N in aqueous environments. Triton X-100 
generally was inhibitive regardless of, and possibly due to, its much greater 
degree of emulsification. 
Grain hulls are often considered an agricultural by-product and are 
available at a minimal market price. One objective of this study was to 
determine if a value-added application existed in the use of these hulls as 
biological vectors. Grain hulls demonstrated distinct differences in their effect 
on CO2 evolution and emulsification. Soybean hulls clearly experience a high 
degree of degradation. Diesel fuel degradation in culture containing hulls with 
no addition of microorganisms indicate a population of degraders existing on 
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the hulls. Evidence of this Is also presented by earlier studies [64]. Also, 
reduced diesel fuel degradation In cultures containing hulls preexposed to 
diesel fuel Indicate a possible toxic effect experienced by the nnicrobial 
population on the hulls. 
Conclusions 
• Lecithin demonstrates a great potential for use as a supplement for the 
stimulation of biological degradation due to its stimulatory effects on 
degradation, its cost effectiveness, and its availability. 
• Lecithin is biodegradable, making it Ideal for use as a soil amendment. 
The Rhodococcus equi MO.M-N isolate metabolized lecithin along with 
the petrochemical substrate. 
• The use of grain hulls as a bioaugmentation vector requires further 
study. Increased concentrations of surfactant and/or degradative 
microorganisms (or consortia) may enhance activity. Clearly, a vector 
which enhances degradation, maintains a substantial shelf-life, 
decomposes in the soil, is inexpensive, and can be custom applied with 
selected surfactant/microorganism is ideal for this application. 
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Emulsification ability alone is not a good indicator of degradation when 
compared to GC analysis. 
Recommendations for future research 
1. Utilization of either a different extraction solvent for GC analysis, such 
as hexane, octane or ethyl acetate, or another extraction method such, 
as a Soxhiet extraction. Methylene chloride had a tendency to migrate 
below the aqueous phase while diesel fuel was above the aqueous 
phase. The presence of surfactants and biosurfactants in the sample 
compounded the problem of phase separation by creating emulsions. 
2. Elevated lecithin concentrations and microbial densities may enhance 
degradative activity. 
3. Incorporation of sterile hull controls to substantiate the existence of a 
degradative population on the hulls, and to reduce background activity 
needs further study. 
4. incorporation of either vitamin supplements or soil extract into the YE 
medium. Progressive loss of degradative activity by the isolates may 
have been due to repeated subculturing into medium lacking in required 
nutrients. 
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5. Initiation of soil column studies to determine if grain hulls, lecithin, and 
degradative isolates demonstrate solubilization and degradative activity 
in soil and soil-water systems is needed. 
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APPENDIX A 
CO, EVOLUTION FROM BUBBLER TUBES WITH 
SOYBEAN HULLS, CRUDE OIL AND BACILLUS SP SH.7.C-P 
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Figure 1. CO2 evolution from bubbler tube cultures of soybean hulls pretreated 
with surfactant (100 mg kg"^ hull) and Bacillus sp. SH.7.C-P (2.5 X 10® g'^ hull) 
and evaluated after 1 week of storage in the dark at room temperature. Crude 
oil applied as described in procedure 1 (after addition of hulls to the YE 
medium). 
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APPENDIX B 
WATER ACTIVITY AND PLATE COUNTS OF BACILLUS SP SH.7.C-P 
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Table 1. Water activity and plate counts of Bacillus sp. SH.7.C-P from 
soybean hulls when applied to hulls concurrently in surfactant 
suspension, and evaluated after 1 week.* 
Total count Bacillus sp." 
-flw- per g per g 
Soybean hulls 
+ SH.7.C-P 0.679 7.45 X 10" 40 X 10^ 
Soybean hulls 
+ SH.7.C-P 0.679 4.28X 10* 1.0 XIO' 
with lecithin 
Soybean hulls 
+ SH.7.C-P 0.699 7.05 X 10" <1.0 X 10® 
with Triton X-100 
Soybean hulls 
+ SH.7.C-P 0.688 1.5X 10" <1.0X10® 
with Tween 80 
" Final surfactant concentration was 100 mg kg'^ hull, and Bacillus 
sp. SH.7.C-P was applied at 2.5 X 10® g'^ hull. Data are averages of 
two replicates on Trypticase Soy agar. 
" Based on colony morphology 
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